In this paper, we present an Internet-based, Bayesian Decision Network engine to aid watershed stakeholders in collaborative decision-making. Recent years have seen an increased emphasis on including all affected parties in the process of making water resources and water quality management decisions (as in the TMDL program). Given the complexity of the models and data analysis tools that are typically employed by engineers and scientists in watershed studies, meaningful communication with stakeholders can be a daunting task. In our experience, stakeholders are often skeptical of model and data analysis results because of the inherent uncertainty associated with these methods. Because of this, a stakeholder may be more likely to accept results presented in the form of a probability distribution of potential outcomes, than a single predicted result. Additionally, if model predictions are mapped into the likelihood of realizing tangible and intangible benefits, stakeholders have a means whereby to evaluate the anticipated results. Bayesian Decision Network (BDNs) are presented here as a useful tool for diagramming the decision process; for holding relationships between variables; and for analyzing the anticipated effects of management decisions while explicitly accounting for the associated uncertainties. An Internet-based application for employing BDNs in watershed decision-making is described with a demonstration application from the East Canyon watershed in Utah.
Introduction
Historically, water quality and quantity modeling has been the explicit domain of engineers and technicians with little direct input from residents or other stakeholders affected by the modeling results. Often this is done because of complications involved in a) translating model output into information meaningful to stakeholders, b) generating scenarios that stakeholders may be interested in, and c) assuring that a significant number of affected stakeholders are brought into the process. This paper discusses a statistical modeling framework and Internet-based system to serve as a vehicle for alleviating these complications. Given the complexity of the models and data analysis tools that are typically employed by engineers and scientists in watershed studies, meaningful communication with stakeholders can be difficult. Stakeholders are often skeptical of model and data analysis results because of the inherent uncertainty associated with these methods. For example, a model result that gives the anticipated concentration of a nutrient at 0.123 ppm is likely to be received with skepticism by stakeholders because it does not account for natural variability in the system. A better practice is to report model results with confidence intervals, such as 0.123 ± 0.111 ppm. For this form of a result to be meaningful in a decision-making context, it needs to be reported with a confidence limit (e.g. 95%) and clarification as to whether predictive confidence or model-fit confidence is being reported. In practice, these details are often not reported making the confidence interval less useful.
Probabilistic
Approaches. An alternative approach to communicating data and model results takes advantage of the ability of people to understand outcomes presented in probabilistic language. For example, most people understand the difference between a 60% chance of rain and a 40% chance of rain, and can make a decision regarding their umbrella based on that information. Likewise, people in general have a feel for their odds at winning the lottery when those odds are reported as "one in tenmillion." The premise of this work is that probabilistic information is significantly more interpretable to stakeholders than typical data and model reporting methods. In the example of the nutrient concentration given above, a probabilistic report might be of the form, "there is a 90% chance that the concentration will not exceed 0.123 ppm." This information could also be presented categorically in the form, "there is a 30% chance the concentration will be below 0.050, a 60% chance that it will be between 0.050 and 0.123, and a 10% chance that it will be greater than 0.123 ppm."
One reason probabilistic information of this form is useful is that it lends itself to evaluating the risk associated with different alternatives. Probabilities can be multiplied by the potential cost or benefit of different outcomes to get the "expected value" of a decision. Expected values of different management alternatives can then be compared to help decision-makers select an option. Additionally, the risk of an outcome can be interpreted as a margin of safety associated with the option. The risk associated with different management alternatives can be compared to some level of acceptable risk as a means for evaluating the option. For example, if the water quality standard for nutrient concentration in the prior example is 0.123 ppm, then the risk of violating the standard is 0.10, or 10%. If this is within the acceptable risk then the alternative can be considered acceptable.
In addition to presenting probabilistic information on the state of a variable, it is also useful to present relationships between variables using probabilistic language. For example, there is some debate regarding the relationship between fertilizer application on farms and nutrient loadings in streams [Avery, 1995] . The uncertainty in this relationship is evidenced in the hypersensitivity of many agricultural runoff models to small parameter changes. If this uncertainty can be captured in a set of conditional probability statements, then it becomes more useful as decision-making information. In the case of agricultural runoff, a conditional probability statement might take the form, "the probabilities of nutrient concentration in the receiving water being high, medium and low, given current fertilizer application rates are 10%, 70%, and 20% respectively." This suggests that, according to the model or data being used, the status quo situation has a high (70%) likelihood of resulting in a "medium" concentration in the stream. Of course, for this to be meaningful, the stream nutrient concentration ranges, "high", "medium" and "low" need to be defined numerically.
Bayesian Networks. A Bayesian network is a formal statistical modeling framework that supports analysis of the probabilistic relationships described above. Bayesian networks have been used extensively in medicine and computer science [Heckerman, 1990 [Heckerman, , 1997 and have, in recent years, begun to be applied in engineering and natural resource management problems [Varis, 1990 , Reckhow, 1997 , Haas, 1998 ]. Bayesian networks are formed by building a graphical diagram of nodes representing all significant variables associated with a particular problem and directed links representing the cause and effect relationships between variables. Relationships between variables are defined probabilistically in a conditional probability table (CPT). This allows for a change in the likelihood of a state of a variable to be propagated through the network. In this way, the state of the entire system can be estimated given changes in any part of it. Further discussion of Bayesian networks and their applications can be found in Jensen [1996] and Pearl [1988 Pearl [ , 1997 .
A Bayesian Decision Network (BDN) is defined as a Bayesian network that has been modified to include decision (management option) variables and utility (benefit-cost) variables. These modifications make a BDN useful for evaluating multiple combinations of management options and examining the resulting costs or benefits. Following are several properties of a BDN that make it a particularly useful tool for assisting stakeholder-based watershed decision-making: 1) It provides an overall framework that clearly shows the cause and effect chain between different variables in a watershed-from climate variations and land and water management activities to stream and riparian impacts to socioeconomic impacts. 2) Conditional probability tables can be developed from analysis of observational data, results of complex model simulations, or from information from knowledgeable experts. In each case, the CPT captures the essence of the relationship between variables as well as the uncertainty associated with that relationship. 3) The CPTs defining relationships in the network allow for computation on a BDN to be nearly instantaneous. This allows a decision-maker to examine different scenarios without running a time intensive model. This also supports Internet-based access to the BDN. 4) A BDN sensitivity analysis can help one assess the value of collecting additional information on different variables. This can be done by simulating the addition of such data and examining how it effects the endpoints of interest. This analysis may reveal that collection of certain data may have little consequence on the decisions ultimately taken.
Internet-Based Bayesian Decision Network Engine.
We have developed an Internet-based Bayesian Decision Network Engine (BDNE) to make this probabilistic framework more accessible to stakeholders and watershed decision-makers. The BDNE is a server-side application that runs on a Windows-based Internet server accessed through a standard web browser. Users are shown a graphical representation of the BDN with an interactive map of the watershed being modeled. All water quality data relevant to the problem are accessible through the interactive map. Other supporting information accessible through the interactive map include photos and brief descriptions of significant locations, land use, streams, terrain and other informational GIS data layers. The BDNE computes and reports marginal probabilities (e.g. the total probability of "fish counts" being in state "high") associated with each variable in the network. A user can add "evidence" to a variable, select management options, view resulting probabilities throughout the network and examine the resulting cost-benefit values. In short, the BDNE gives an Internet user the ability to fully explore a BDN representation of a problem by creating different combinations of management scenarios and viewing the likely results. The following section describes the development of a BDN structure and associated probabilities for a case study in the East Canyon Creek Watershed in Northern Utah.
East Canyon Creek Bayesian Decision Network Case Study
The Upper East Canyon drainage is a relatively simple system dominated by East Canyon Creek (ECC) flowing north approximately 26 km (16 miles) from Kimball Junction north into East Canyon Reservoir (Figure 1 ). The system contains only one point source, a wastewater treatment plant (WWTP), which, during late summer, contributes a large percentage of the flow and nutrient loading in the creek [Moellmer, 1999] . In addition to the WWTP, flows from non-point sources upstream of the WWTP contribute a small but significant amount of phosphorus to the system. East Canyon Reservoir hosts a state park and has historically supported a high quality cold water fishery. However, the use of the reservoir and park is diminishing. The primary concerns are related to eutrophication of East Canyon Reservoir due to increasing phosphorus loadings into the creek, high stream temperatures induced by decreasing flows, and low stream dissolved oxygen concentrations at night [Judd, 1999] . The following sections present the development of a BDN to support management of this system with respect to phosphorous and eutrophication in the reservoir.
Identifying Endpoints. Development of a BDN for watershed management often begins with the identification of endpoints. This helps keep the BDN focused on only those variables significant to the specific problem(s) under investigation. If this is done with the direct input of stakeholders, it has the effect of bringing different interests together to agree on a set of endpoints for evaluation. The different parties need not agree on target values for the endpoint variables, just the variables themselves. According to the Utah 1998 303(d) list [Utah DEQ, 1998 ], East Canyon Reservoir is impaired due to excess nutrient loading in the watershed. Since this system is primarily phosphorus limited [Stevens, 2000] , the Utah Department of Environmental Quality has specified a endpoint target of 0.05 mg/L total phosphorus in the creek as it enters the reservoir. Achieving this concentration in the creek is expected to inhibit further eutrophication of East Canyon Reservoir. Additional endpoints for this BDN include fish habitat and recreational use of the state park at the reservoir.
Identifying Management Options. Once endpoints have been identified, it is necessary to identify relevant management alternatives. These alternatives may include but are not limited to long-term planning options as well as day-to-day management alternatives. For the East Canyon BDN, three management option variables were selected. These include "Wastewater Treatment Plant Management Options", "Headwater Management Options", and "Season". The Season variable was added to allow a user to investigate the system under different climate conditions. The first two management option variables were chosen based on growth predictions in the watershed. According to the Utah Board of Water Resources [1997] , growth in the upper portion of the East Canyon drainage is projected to Generating Probabilities for Flow. Flows from the Snyderville Basin WWTP between May 1992 and September 1996 range from 0.86 cfs to 6.03 cfs with a median of 2.08 cfs [Boyle, 1999] . These flow data were categorized as High (> 2.08 cfs) and Low (< 2.08 cfs). Probability distributions were calculated for Winter (Jan-Mar), Spring (Apr-Jun), Summer (Jul-Sep) and Autumn (Oct-Dec). The resulting CPT for WWTP Flow as a function of Simulation Season is shown in Table 1 . Headwater Flow in the ECC drainage is defined here as in-stream flows immediately above the WWTP. Flows at this location were estimated by subtracting daily WWTP flows from data collected at the USGS Big Bear Hollow gage station downstream of the WWTP. The resulting estimated flow data ranges from near-zero flow rates to over 500 cfs. These data were categorized as High or Low using the 10 th percentile value (5.2 cfs) as a breakpoint to accentuate the low flow conditions. The resulting seasonal conditional probability table is shown in Table 2 .
Generating Probabilities for WWTP Effluent Phosphorous. The ECC BDN includes only two sources of phosphorus loads, the WWTP and the stream headwaters. Table 3 shows a CPT relating management options at the WWTP to phosphorus concentrations in the WWTP effluent. Probabilities for the first two management options, No Bio Treatment and Status Quo, were generated from historical records of effluent total phosphorus concentrations from Snyderville Basin WWTP. In the first case, 75 records from 1991 through July 1996 were used to generate probabilities. After August 1996, biological phosphorus removal was implemented at the WWTP. Data collected from that point through December Generating Probabilities for Headwater Phosphorous. A CPT for Headwater Tot. Phos., was generated from historical in-stream phosphorus data obtained from the Utah DEQ for the headwaters of East Canyon Creek [Hultquist, 1999] , as well as from projections of reductions due to implementation of best management practices. These data, collected from 1991 to 1997, consisted of 140 records. Historical headwater phosphorus concentrations above the WWTP range in value from 0.005 mg/l to 0.530 mg/l. The distribution of these data is shown in Table 4 . Under status quo conditions, headwater concentrations were < 0.05 mg/L 35% of the time. This is significant because it suggests that the water quality standard for phosphorus is being violated 65% of the time, even without contributions from the WWTP.
Generating Probabilities for Total Phosphorus in Downstream East
Canyon Creek. The water quality model QUAL2E was used to generate a CPT (Table 5) [Brown and Barnwell, 1987] . A description of the model building and calibration effort for the East Canyon Creek QUAL2E model used in this study is given by Stevens [2000] . The results of 5000 simulations using the Monte Carlo method implemented in QUAL2E-UNCAS were categorized and converted into a conditional probability table similar to those shown previously. The four parent nodes affecting Reservoir Influent Phosphorus can exist in a total of 60 combinations of states (e.g. "Low, Low, Low, Low", "Low, Low, Low, Medium", etc) . For each of these combinations of parent states, the probability of Reservoir Influent Phosphorus being Low (< 0.05 mg/l), Medium (0.05 -0.10 mg/l) and High (>0.10 mg/l) was calculated. This resulted in a sixty-by-three CPT of the relationships between these four input variables and the downstream ECC phosphorus concentration. Table 5 shows a portion of the full CPT. Carlson [1977] allows one to translate the phosphorus water quality standard of 0.05 mg/L into a trophic status index (TSI) of approximately 50 in the reservoir (once mixed). It is assumed that if the range of 45-55 TSI is exceeded, eutrophication will start occurring in the waterbody. If the TSI value is less than 45, the waterbody is considered oligotrophic. Reservoir Trophic Status can exist in one of three states, < 45 TSI (oligotrophic), 45-50 TSI (mesotrophic), and > 50 TSI (eutrophic). Table 6 shows a CPT relating Reservoir Influent Phosphorus to the Reservoir Trophic Status. These probabilities were determined using professional judgment and could be refined as more data become available. Fish Habitat was assigned two states, improved or degraded. A simple CPT for this relationship is shown in Table . This variable was included to clarify the connection between Reservoir Trophic Status and Park Visits. Park Visits is the final endpoint in the BDN. In the past decade, the number of visitors to the state park has declined from approximately 300,000 visitor-days/year to less than 80,000, coinciding with a decline in the reservoir fishery [Judd, 1999] . The relationship between Fish Habitat and Park Visits shown in the CPT in Table 8 was based on this historical information and projections for the future given an improved fishery [Glover, 2000] .
Costs and Benefits. Park Visits is a useful endpoint because it has an associated monetary benefit that can be quantified. Although only monetary costs and benefits were included here, other types of costs and benefits (e.g. aesthetics) could also have been included. Costs associated with management options and benefits associated with park visits were taken from Glover [2000] . The expected costs of upgrading the WWTP to achieve 0.1 and 0.05 mg/L effluent total phosphorus are $5 million and $10 million, respectively. Best management practices in the headwaters of the East Canyon drainage will include a significant amount of riparian restoration estimated to cost approximately $2 million. Finally, the benefit associated with a park visits is estimated to be $19/visitor-day. This is an estimate of the difference between willingness to pay for fishing-boating recreation and fees involved in the recreation experience. More detail on these estimates is available in Glover [2000] . 
Decision Analysis Using the East Canyon Creek BDN in the Internet-Based BDN Engine
The ECC BDN was loaded into the Internet-Based Bayesian Decision Network Engine (BDNE) described previously (see Figure 3) . This involved using a server-side Windows interface to the BDNE to layout the BDN nodes and links, and to build conditional probability tables. Once loaded into the BDNE, a variety of decision analyses could be performed through the Internet using East Canyon Creek BDN. For example, we used the BDNE interface to estimate the likelihood of attaining the water quality standard for phosphorous in the stream given each combination of management options. This is done by selecting a decision node from the BDNE interface and selecting a management option from the pop-up list of available alternatives. The BDNE propagates the effects of the selected choice through the network, and re-calculates the total probability of every state of every variable. Figure 3 shows the BDNE Internet interface to the East Canyon BDN with the WWTP Management Option window displayed. The left pane of the interface shows the current total probabilities of all states of all variables in the network. The results shown here are for the summer season, implementation of BMPs in the headwaters, and reduction of effluent phosphorous from the WWTP to the 0.01 mg/L level. Under this set of management alternatives, there is a 79% chance that the reservoir influent phosphorous will be below 0.05 mg/L. This analysis shows that under the best circumstances there is a very good probability that the water quality standard for total phosphorous will not be exceeded, and a small probability that it will (7% chance of concentrations greater than 0.10 mg/L). The BDNE also computes the estimated cost of a particular scenario, although these values aren't shown in the screenshot in Figure 3 . In this example, the costs of implementing both the 0.1 mg/L total phosphorus WWTP effluent stipulation and BMPs, after the benefits due to Park Visits are considered, would be approximately $796,000. Figure 4 shows a summary of the probabilities calculated to meet the instream water quality target of 0.05 mg/L phosphorus during the summer months for all eight combinations of WWTP and BMP management options. Implementation of both a 0.05 mg/L WWTP effluent total phosphorus stipulation and BMPs in the upper watershed results in the highest probability of meeting the water quality endpoint (83%). However, the difference between 0.05 mg/L effluent total phosphorus and the less expensive 0.1 mg/L effluent total phosphorus is only 5%. Note also that during summer low flows, watershed improvement via BMPs improved this probability by only 6%. Figure 5 shows the benefit or cost of each of the eight combinations of management options. This information could help stakeholders and decision-makers understand the environmental and economic implications of different management options. It is assumed that this information will also support better communication and opportunities for stakeholders consensus-building.
The BDNE also one to set the state of a child node and back-propagate probabilities through the network. This can be useful for estimating the probability of a parent variable given the known state of a child variable. For example, if a water quality sample in the downstream end of ECC shows the total phosphorous concentration at < 0.05 mg/L, this information can be entered in the BDN as evidence. The BDNE propagates this evidence through the network, changing the total probability of other variables. In this case, the total probability of headwater flow being greater than the 10 th percentile is 89%, the total probability of the WWTP phosphorus concentration being below 0.05 mg/L is 49% and the probability of it being between 0.05 and 0.01 mg/L is 24%. This information can be roughly interpreted as the percent of time that these variables need to be in these ranges, to have a high probability of observing the evidence that was entered.
Conclusions
In most natural resource management problems, there is a need for tools and methods that help facilitate communication between stakeholders, regulators and technical people. A BDN can meet this need by: 1) serving as a framework for modeling the interactions between variables in a system; 2) clearly exposing causes and effects in a system and communicate these to stakeholders with competing interests; 3) integrating different sources of information into a uniform structure and thereby reducing data constraints; 4) capturing model responses for quick scenario generation; and 5) supporting efforts to quantify uncertainty and establish margins of safety. Acceptance and use of a BDN for stakeholderbased decision-making is undoubtedly predicated on the acceptance of probabilistic and risk-based analyses in general by stakeholder groups and regulatory agencies. The lack of a single integrated toolkit for building a BDN and populating it with probabilities from data or models is an additional challenge to the acceptance of the methodology. In spite of these drawbacks, the East Canyon Creek BDN analysis presented here serves as an example of the potential utility of the approach. Additionally, the Internet-based BDNE presented here should serve as a useful platform for deploying a BDN to stakeholders and decision-makers, making the methodology more accessible to potential users. 
